Por complete list of publications of the Indian Meteorological Department see 
the covers of Monthly Weather Reviews prior to January jgop, or the 
lists^bound up with the Annual Summaries from 1906 onwards. 



A PUUTHEB STUDY OF BELA.TIONSUtrS WITH INDIAN MONSOON RAINFAlIi. 


(fi) HelaliotJsMp rci. < 

It wns noticed by the author in lOOG that a yoar o£ high pressure in India tends 
to bo follou’cd by an abundant southircst monsoon, and the correlation coefficient i of 
the two quantities when based on data of tho years 1875 to 1906* was found to be 
-}-'5. When in 1910, however, data as far back as 1865 wero included this coefficient 
fell to +'25t Avhich was not large enough to justify the use of tho pressure factor in 
monsoon forecasting, and it was accordingly omitted in the memoir J in which were 
described some applications of statistical methods to seasonal forecasting. The co« 
efficient from 1805 to 1912 is only +'2 ; it avill be seen from Figure I, however, that th® 
agreement has almost certainly been too persistent to bo due to accident, and it appears 
likely that tho rainfall data from 1865 to 187-t before this Department was started> 
though roughly correct, were less accurate than those of subsequent years. If these 
years bo given two-thirds the wcigJit of the subsequent years tho eoofficient becomes 
■25 with a probable error of ‘1, and tho relationship, though not close, becomes worthy 
of some consideration. 

2. The reliability of the early pressure data may first bo considered. From 186di 
to 1867 the most trustworthy observations are those of Calcutta, Bombay and Madras ; 
and, as is clear from a reference to Tables II, III and Figure 2, between 1875 and 1912 
the moan of those annual departures from normal agrees so closely with that of India 
as a wliolo that the mean may he taken as representing the pressure'dcpartnro of India 
to a fairly satisfactory degree of acouracy. For the period 1868 ito 1874 the data 
utilised Iiavc been those of Calcutta, Itoorkcc, Bombay and Jladras; and in 1875 tho 
Meteorological Department came into existence, so that after this the number of stations 
available is amply sufficiont to sccuro correct data. As regards monsoon rainfall, 
however, the number of stations ntfording information 'begins at 201 in 1805 and 
increases to 355 in 1874 : and under such conditions perfect accuracy cannot bo 
expected. Wc can effect a partial check of tho data by comparing thorn udth tho 
official list of famines and scarcitias given in the Imperial Gazetteer of India, Volume 
HI (1907), pages 501-2, and also by comparing (hem with tho index numbers of the 
prices of food in tho sncccssivo years. § Both these sources of information suggest 
between 1865 and 1875 a deficient rainfall in 1865, ISGS and 1873, and tbo latter 
source suggests good rains in 1807, 1809, 1870 and 187-1. The data satisfy tbeso tests 
well except that in 1805 the deficiency appears smaller than might have been 


* Sw* IJemo-anflum on tho condithnu before the monsoon of JP07, Jlrrc hoffcvcr Uio ralnfaU dnta wore not 

Ritcn mlglil Bccoraing to tbo area reprftpntca, anti hal thotCT^loC incorrectly incrcaiinglbccorrclntiou cocniciont. 

of forytJfliJijn are In thff frapcronly (>iicn in tb? rfarert *01* In view of thrlr probable errors of 

4 Correlation in ucaioiiM variations of weather, 11, * Mcniriri of the Inflia Meteorological Depirteocnt, XK!* Fart II, 1010. 

* j See Table XIII on nigo C8 of a paper on * lltipce prices in India % by F* J. Athinion in Iho Journal of tbc Fojnl atatiitlcx 
Society, Vciarne LXXU, Fart HI. 1000. 
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anticipated. Wo can also form some idea of the reliability of the da(a by comparing the 
monsoon rainfall and pressure in the successive years. A reference to I’ignr'c 8 will 
show that since 1875 years of abundant rainfall bavo a strong tendency touards low 
pressure and tlcc vena, the correlation coefficient of monsooji rainfall to annual 
pressure of tbo same year being — ‘GG. .;\ftcr consideration of the nucertainty regard, 
ing tlio data of ISGu to 1874 it appears on tlio whole better to attach to tho-se years a 
weight of two-thirds of that given to the years since the Department was started; and 
this plan has been adopted tluough the present paper. 

The rc.sulling correlation coefficient is, as already st.'itcd, ‘2», while if tlie early 
period had been neglected and only the years 1875 to 1012 considered Ibo result would 
have been -j- ‘35, with a probable error in cadi ease of '1. 

3. 'Jlie most imyortant feature of this factor is the early date at which it is avail- 
ablo and with the object of throwing light on ibo uature of this relationship the 
coefficients with the monsoon rainfallhavo been worhed nut for eacli month of (he 
year of the minfall, of the two years beforo and of the year after, Ibo results are 
contained in Table IV and shoe u in Figure 4, From the latter it will bo sea that a 
good monsoon tends on the average to be preceded by high ])rcssure from August two 
years bcfoie to the December of the previous year, and that pressiue tends to be low 
from January of the actual year to August of the folloning year. If the ciuto lie 
smoothed it u ill be suggested that the period from Ociobertwo yoar.s beforo to 
September one year beforo should have a fairly high positive coefficient ; 
this however proves to be ouly-{'’25 with a probable error of •!, and an identiciil result 
follows if we consider the period of ten months from Kovember to the August of the 
year before Ibo monsoon in (jucstioii. The prcssuio data of (his period arc given in 
Table Y and compared uith the subsequent monscon in Figure 5. 

In all these eases, however, inasmuch as Uie concetiou coefficient is only 
the indications arc not sufficiently reliable to he of practical use in forecasting, 

4. As already stated there is n .drong tendency for (ho pressure of any year to 
be high w'bcn the monsoon rainfall of that year is dotieient, and vice ven,:, and lienee 
when using the proisurc of any year as a basis for foreoasling the rainfall of the next 
year it will bo better if the hnown rainfall of flu: earlier year also is taken into 
account. ■ Lot r* and p' bo the proportional departures' of (lie rainfall and pressure of 
the earlier year and ;• of the rainfall of the year which lias to be forecasted ; v.c then 
put 

r = ap' -f hr, 

and adopting the usual process'! lind 

a = -38. b — T8, 

while the correlation of the forecasted rainfall as given by this formula with the 
actual rainfall proves to ho 'S. The results are plotted in comparison with the actual 
in Figure C, and a reference to tliis will make it clear that the relationship is still not 
close enough for practical puiposes. 

• tho proportional dcparlure u{ nay quAnltty Is incint llie ratio of titc ortual ilqtarlutB to iti mean 

f Sto * corrclatlonlu stosonal varjutlon of climate/ Xfclcorologica! itcaioifs, Volume XX* fart C, 
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5. Tlic (lata may howcTcr bo handled in a difTorent manner. A reference to 
rigure I irill probably suggest a far closer relationship than is associated with a co- 
efficient of + -25, and the explanation clearly lies in the fact that the curves of pres- 
sure and rainfall tend to move parallel to one another altbongh at times their dcjiar- 
turcs have opposite signs, c.g., between 1902 and 1907 inclusive the parallelism is 
perfect, but the (lc])arturcs arc of opposite signs in four years out of the six. "We 
should accordingly expect a closer relationship between the successive differoncos in 
the annual values of rainfall and pressure tlian we have in the actual departures from 
normal of rigure I. These successive differences are plotted in Figure 7 and the 
correlation coefficient between tlicm is as high as -1- -0, with a iirohahlc error of '08. 

In order to fix ideas it may he well to give an application. On the 1st January 
1912 it was known that tlio pressure deparlim's for 1910 and 1911 were — -OIS and 
'000, so that pressure rose by '013 ; it would thus have been a legitimate inference 
that the monsoon rainfall would probably rise from 1911 to 1912, or that the rainfall 
of 1912 would be bolter than that of 1911. 

Let ns now coiwidcr the reliability of the iudie.ilions. Luring the past d-7 years 
when the numerical valuc^of ti'.e i)ressure difference, apart from sign, has been '010 
or more, tlio sign of the difference in rainfall has been the same as that of the inessure 
difference 18 times and oppo>itc only -i timc.s, of wbieb 2 occuiTcd in the somewhat 
inaccurate periol ISGC to 1S71. In about half the (c.ars Ibcroforc it would seem that 
wc' can obtain an indication whether the rainf.all uili bo more or less than that of 
the previous year ; and, if past exjieriencc does not prove misleading, the indication 
may be expected to prove riglitfour times out of five. j 

C. The unusual character of Ibis relationship, between changes in departures and 
not in (be departures (beuiscl ves, .suggests thcdc.«irability of further cncpiiry. Now let 
ns su))pose that in any year the jiroportional de]>artures of raiilfall and pressure arc 
r and ivliile in the previous- year tlie vahic-s .are /•' a!id />', luitl in the year before that 
r" and//' ; then wo know that tlie actual departure.s of rainfall exercise an influence 
on the pre.ssuros. TIiu.s .since the (;orrelation (.•oonioient hetwoen ?• .and 7) is— Ti5, r 
may ho exjiecled to sciul down tlm ])roporlional pressure departure of its year hy 
•!)')>' ; similarly it may l)oexpenl('d to he ns.souialed witli a rise in’ j> of the intermediate 
year amounting to '20 r, and a fall in p" of the lirst year of iamount 'Ir.* In the 
same way r' will bo associated with a fall in 7/ of the intermedihic year, of ‘oor' and 
a rise in p' of i)y ‘201-'. f Wc should thus expect the pressure of the intermediate year 
lobe higher limn that of the carlic.sl year by •2r)r — •.■')5r’-j-Tr — '2or, 
or 

-SOr' ... ... ... ... - (1) 

or -niG {»—;•')— '22.') {v+r). 

Now it is easily scon that (r — r') and (>H-r') arc independent ; for llioir correla- 
tion coofficicnl i.s the moan value of (7'* — r*) divided by the menu values of {r — r) 
and of (r-f-r'), and the mean value of '‘obviously tends to zero as the number of 
terms is incn.'ased. IIoiico from oiir ]>rcvious knowledge of the relations between 


• TtU Ulecmi'c the corr^'iftMon etc Wtwern r niid j»" !« + *1. 

f It may Ip noted tUl llip ccrrtbtlon cicfficicut Ictwccn r anl r' n'j Hot tlicy nre iiu\rpcmtoiit. 
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rainfall and prossi;re, we should crpcct a correlation coofficient of •u7^> hotween the 
rainfall incremonts and the pressure inoremon(/S of scotioa o ; and as this is, for 
practical purposes, identical with the coelTiciont of 'G tlioro given, it may ho con» 
eluded that that section gives no information that cannot ho deduced from our 
knowledge of the relations between the actual departures of rainfall and pressure. 

The relationship hotween (ho increments of rainfall and picssuro is thus valid 
enough ; but if wo consider the portion of (1) above which is concerned with r' alone, 
namely — •SOr', wo may put this in the form 

•40 (r — ;•') — *40 (r+r'), 

and may thus sec that a cocfnoicut of *4 hotween the pressure ohangc and the 
suhseguent rainfall change is produced by rainfall r', which has already oeourred at the 
time that the rclationsliip might lx; used for forecasting. 'Idius of the relationship of 
•6 only about ’17, or less than one-third, is ooncernod with r, the r.ainfall that has to 
he forecasted, and a forecast Ijascd on pressure dilTcrcnccs would bo of little practical 
use. 

7. "Wo have seen that from llic esprescion 

r=ap'-i-br' 

we can only obtain a relationship of '.I of the fore casted with the actual rainfall ; and 
it remains to try 

r = op -j- 6 r' -j- cp"-l- f/ r”. 

•On carrying out the computation the improrcraent in the relationship proves however 
to he inappreciable. It has (hcroforo to ho admitted that all these attomniH to obtain 
a method of forecasting the general character of the monsoon five months or more 
before its arrival are unsuccessful. 

(I/) The rclalion of Indian monsoon rainfall xoilh Indian fomperalttre in (he previous 

May. 

8. It is generally, if not univcr.sallj-, held by meteorologists that India owes its 
monsoon rainfall to the fact that in the hot weather and r.iins the hotto,st region in 
the eastern hemisphere to the cast of Africa consists of India, especially Sind and 
Haluchistan, and the southorn parts of Arabia and l^ersia. Siniilarlv in our cold 
weather north Austr.alia is liottcr than India and tho Indian Ocean and monsoon 
rains make their .appearance there. In both cases the healed air rises, and its place 
is taken by damp air from the neighbouring sens, which in its turn is forced to rise, 
expand, cool, and deposit its moisture as rain. Since the heniing up of (he plains of 
India is a fundamental portion of the rocohanism that brings the" moisture-bearing air 
from the south Indian Ocean across the Cfiualor to discharge its hmnidity as monsoon 
rainfall, it is natural to fool some confidence that years of high toraperatui'o in May 
will bo years of good rainfall and vice versa. But it was pointed out on page 1 2 of 
the monsoon forecast of 190J lhal such is not tho case, and a further o.vamiimlion of 
tho question has confirmed the view— at any rate when tho kmpornturo is moasm-cd 
in the usual manner. The correlation coefficient of the .average over India of 
temperature in May with tho rainfall of tho follouing monsoon from 1875 to 1905 is 
+•05, with a probable error owing to accidental causes of -12. Tho data thu.s afford 
no support to the expectation that a hot May will bo followed by an abundant 
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9. Since tlio holiest region in the neighbourhood of India consists of northn-est 
India and the desert regions beyond, it might be thought that any affect duo to tho 
heat might bo better exhibited by taking the temperature of that area rather than that 
of the plains of India. Accordingly the mean of the ]\Iay temperature departures* 
of Baghdad, Tehran, Ispahan, Bushire, Chaman, Quetta. Hyderabad (Sind), ■ Deesa, 
Jacobabad, Multan, Hera Ismail Khan, Lahore, Sirsa, Jaipur, Aliahabad and Jhansi 
hare been correlated with tho monsoon rainfall of India ; and the resulting coefficient 
is only — '02, u'ith a probable error of •12. For tho June temperature of the same 
areat the coefllcicnt is — *17. Here also tho cfTcct of the heating cannot be found. 

10. This paradox is not easy to explain satisfactorily, but there are reasons for 

ascribing it to our ignorance of conditions in the upper air. It has long hcon known that 
at times when sunspots are numerous the temperature of the air, as measured in the 
onlinary way, is lower than the average. There is fairly good evidence that at such 
times the sun’s radiation is more powerful than usual, with the click of creating stronger 
air currents, and consequently more moisture-laden air over continents. And if this 
he the case it would .appear that it is tho excess of moisture in tlio air that prorents 
the lompcratnro near tho ground level from rising. In order to test this I have 
compared the coivclation cocflleients with sunspot numhers of Icmperatures of places 
in which the moisture in the upper air is presumahly abuudant and of places 
where it is relatively scanty. I 

The month avhcu the sun’s radiation might be expected to have the best chance 
of raising the temperature of fbn Indian plains is January, for rainfall and cloud are 
atn minimum; but the humidity of the air is within CG per cent of saturation and 
the relation of the temperature with the annual sunspot number is — "Bo. On tho 
other hand if wc conM'der ICny in (he arid region represented by Baghdad, Bushire^ 
Tehran, Ispahan, Chaman and Quetta the ooelTicicnt is only — ’I. Further if u’c take 
the ccnlnil Australian desert at its driest lime, the cootllcient with the sunspots of the 
mean tcmjierature for Juno, Julv and Aucrust .at Alice Springs and Charlotte "Waters 
S+-2. ’ “ j 

Apparently as humidity diminishes the coefficient of temperature with sunspots 
tends to hceomo positive; and at times of increased solar radikion wo should expect 
tho air high up to he avarincr although that near the ground may be cooler. It seems 
possible therefore that temperature in tho upper air may ic higher in years of 
abundant monsoon rainfall and that if wc could mcasuro it aocnratcly wo might derive 
hnowledgc of a factor with material iufhionce on tho monsoon rainfall of the country. 

(c) The effect on Indian monsoon rainfall of icebergs in the Southern Ocean. 

31. When at a loss for an explanation of the failure of tlio Indian rains several 
writers have put forward (he sugge^'f ion (hat since an abundauco of icebergs in the 
South Indian Ocean must o.xcrciso a marked olTcet on tho temperature of tliat largo 
region, it is possible that tbe number of icebergs may have a determining inOuence 


40CMEai 


» Sco Tattc rr. 
t Ecc TdWo vn. 



c 


upon tlio Indian monsoon. Accordingly when Uic London Meteorological Office 
recently publislied statistics of tlio observations of ice in the Southern Ocean from 
1885 to 1912 an application was made to Dr. Shaw to allow the numbers for the South 
Indian, South Pacifio and South AUanfic Oceans to be separately fabululcd. lie 
kindly agreed and the result is contained in Table Till and reproduced in rigurc 8. 
It will be seen that in the SoiiUi Indian Ocean (20°^ to llO'E) tbc number of occasions 
on.wbicli ice is recorded may be described ns small from ISSS to 1892, largo in 1S9J-, 
and very largo from 1895 fo 1897, small from 1898 to 1902, largo in 3901, small in 
1905 and 1900 and large in 1909. Thus ice was abundant in 1891 and 1909 when 
our rains were good, as well as in 1895, 1890 and 1901 when our monsoon was deli- 
ciontj and in a similar way ice was scanty in 1859, 1890, 1892, 1898 and 1900, when 
our rainfall w.as above the average, as well as in 1891, 1899, 1901 and 19D5, when tho 
monsoon failed. It does not lUcrofore aj)j)enr that tbc ice in tiie South Indian Occ.an 
exercises a material influence on the Indian monsoon. 

The data for tbc South Atlantic Ocean are, however, more promising in this 
respect. Keglocting minor features in view of an inuvifalile amount of nncerfainly 
in tbc data, it appears that the quantities of ic.; were -small from 1SS5 to 1891, were 
largo in 1892, very largo in 1893* and did not again become rcaliy large before 1900. 
In that year and ia 1903 very many observations are iir.licalc'i, while liicre aro many 
in 1910. Dul in 1907, 1900, 1911 and 1912 the number is not large. 

If wo now confine our atlontion to the southern seas in the neighbourhood of Capo 
Ilorn, Mossiuann, who has collected a fairly coinplete .sol of metcorologio.il observations 
from this neigbliourhood for the years 1903 to 1908 romarkst an extraordinarily largo 
number of icebergs in 1005 which lie apparently reg.ardcd as the gro.ate3t outbre.ak 
of the period, rurlbcr detailed information regarding tbc neighbourbood of Capo 
norn Avill bo found in Mio Segellnndbneli fur dcii .Stillon Or.eai4 of tlio Djutsebe 
Scewartc ; and a few outbreaks of ice arc indicated in Krummers ‘ Ilaiidbueb dcr 
Ozcanograpbic'.§ 

Trom those sources it may be gatliered that iceberg.s svcrc c.xtremely munorous 
from April to October 1892, from December 1892 to June 1893, from September 1893 
to January 1891, aud in 1903 ; and icoberg.s appear to b.'n'o been fairly numerous from 
Septoraber 1808 to Eebruavy 1870, from Deecmlior JS7'J to itarcli 1875, September 
1878 to April 1879, and in 190G, Smaller numbers of icebergs wore reported locally 
from lime to lime, but tbc abovo aro the most important cases. Now if we turn to 
tbc data of annual pircssure at Santiago (Chili), Duonos Ayres and Cordoba (Avgeutiuo 
Eopublic) in Tabic IX wo find that in the tbreo years mostly alTcctcd, 1892, 1S93 and 
1908, the mean of tbo pressure departures of (beso places was -j- ■•I7mm., 4- ‘TTinm., 
and 4- 'olinm. I’urtber in 1SG9, 1875, 1879 and 1900 the iuc.an eleparturo.s were 
4-*14mm., 4- ■32mm., — '03 min, and 4- '05 mm., raspectivoly. Tho number of years 
for wliich information is available is not largo enough to justify a definite conclusion ; 
but tbc data ompbatically suggest that years of much ice off South Amoric.a tend to 

* The CICCS8 in 1BD2 nnil 183.1 nc.ir Coiip Uoru ii coiiCrmcil by tho Recount on tbc bnet n£ tlio U. S. X, Kljl Chirt ot tbo 
ITorlh AfUntir Occ-in for Norcmlipr 1600. 

t GoograpUical JUj;a*ino, AuKn»t 1003 ; jcj ftt«o Mcleorologtsclic Z.'UsjhrUL 1010, rase OD. 

X Iftgcs 8‘U to 834 In till* Cilitijn of 18.>7. * ® 

§ In thochort ou page COO of Volume 1I( IDll), 
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te years of higli pressure iu tlie Argentine Eepublio and Chili. We slioulu accora- 
ingly expect them to he years of good rainfall in India ; and it is interesting to see 
that in the monsoons ohiefly affected, those of 1892, 1893 and 1908 there rrere excesses 
of 4''93, 3"-64 and 2"-10 ; while in the years 1869, 1870, 1876, 1879, 1894'' and 1906 
less affected, the departures were— 0"*11, -j- r-42, + 4"-41, + 2''-28, + 4"’67 and 
— O"'!!, The mean departure of the first group is + 3"-56 and of'the second group,* 
+2''-09. 

12. Since the behaviour of icebergs is of importance to navigators as well as to 
meteorologists, the bearing of the data of Table VIII on the question of the length of 
life of a berg may be considered. In the second edition of the ‘ Meteorological 
Charts of the Southern Ocean between the Cape of Good Hope and Hew Zealand’ 

(London, 1907J , page 8, it is said : — 

> » ( 

“ Trom the fact that many icebergs, some of very large dimensions, were Reported 
northeast of the Palkland Islands before 1892, and that as ice was reported in 
increasing quantities, first west of the meridian of the Cape and then east of it, so the 
ice north east of the Falklands became less and finally disappeared, it seems not 
improbable that most of the ice reported in the last nine yearsf in 'the Southern Indian 
Ocean had drifted east from the area near the Lalklands. If this was so, some idea 
of the life of a berg in temperate climates may be formed. It certainly cannot be 
considered as less than ten years, and its destruction is probably due more to wave 
action than increased warmth.” 

jAgain in the Additional Kemarks of December 1906, given on page 10, it 
said : — I 

“ Since the close of 1905, however, reports of ice observed in the neighbourhood 
of Cape Horn, and between that Cape and the Falkland Islands, have heen increa^- 
singly frequent ; and in recent months a large number of bergsjhava been seen as far 
as three hundred miles north of Falklands. ll is, therefore, not improbable that at 
no distant date, ice, in large quantities, will again make its appearance in the South 
Indian Ocean, and seamen are cautioned accordingly.” 

It would appear that, natural as were the inferences drawn regarding the length 
of lifej of icebergs and the distances travelled by them, these have not been substan* 
tiated by the recent data of the South Indian Ocean, where contrary to expectation but 
few icebergs have appeared. Further Dr. G. 0. Simpson informs me that as a result 
of his experience in the Eoss Sea he does not think it probable that a free berg 
can last longer than two years. • ' 

• Tile year 18 id has been inclmied becanso o£ tho fact that isolated bergs aere reported from May onwards in addition to tbo 
largo nombfcr io January. 1£ it bo excluded, the average departure o£ the second group becomes + 1" 58. 

f Tho extract is from remarks reproducod from the original cdUion o£ 1S99. 

Vfi r? in fho southern sots iceborga may last as long as ton years U accepted by Dr. Krummel iuhls * Handbuch 

o V'olnino I, pige52t Bat ho moroly urges in its favour tbo itnmenae area covered by some bergs not more 

t an 3u0 feet high, and thore is no actual record that the life of auy o£ these exceeded four months. 
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TABLE II. 

Annual f,res3i:re ihpartur; >f Inisia, hill tl.iliiiis fj-dn.U‘1, 
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TABLE III. 

Mean of annual pressure departures of Cclculla, liomlap and Madtaf. 
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TABLE V. 

jt/fif prei^i.re dep'-rture of Indis fcr t\c ten i-'in/l t endiry on OO’.h August. 
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Kumljcra of icel)org5 roporiod annually. 
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TABLE VIII. — conoid. ' 
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